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Interferometric detection of mirror displacements is intrinsically limited by laser shot noise. In
practice, however, it is often limited by thermal noise. Here we report on an experiment performed
at the liquid helium temperature to overcome the thermal noise limitation and investigate the effect
of classical laser noise on a microlever that forms a Fabry-Perot cavity with an optical fiber. The
spectral noise densities show a region of “negative” contribution of the backaction noise close to
the resonance frequency. We interpret this noise reduction as a coherent coupling of the microlever
to the laser intensity noise. This optomechanical effect could be used to improve the detection
sensitivity as discussed in proposals going beyond the Standard Quantum Limit.
PACS numbers: 07.60.Ly, 07.79.Lh, 42.50.Wk
Coupling mechanical resonators with light has become
an exciting field of research since the discovery of the
electromagnetic damping effect in a microwave cavity
with a movable wall [1, 2]. Extended to optical cavi-
ties with flexible mirrors, this effect has been shown to
induce self-oscillations [3] or self-cooling [4, 5] depending
on the cavity detuning from the optical resonance. A
similar cooling effect known as cold damping can be ob-
tained with an active feedback technique [6, 7]. Cavity
cooling now appears as a promising route to cool down
macroscopic oscillators into their quantum state by using
a high-finesse cavity in the resolved sideband regime to
extract phonons with photons [8].
Interferometric optical cavities are also a focus of re-
search on quantum limited measurements with applica-
tions in metrology for gravitational-wave detectors [9].
An historically important limit, called the Standard
Quantum Limit (SQL), results from the compromise be-
tween the reflected shot noise of photons and the uncor-
related backaction noise induced by radiation pressure
on cavity mirrors [10]. Different detection schemes have
been proposed to overcome this limit, including correla-
tion of noise quadratures in detuned cavities to produce
an effective cancellation of the backaction noise [11–16].
Up to now, only proofs of principle have been achieved
experimentally [17–20] because the quantum shot noise is
masked by the mirror thermal noise at room temperature.
To reach the ultimate quantum limit of an interferomet-
ric detection, it is therefore indispensable, first, to lower
the temperature and, then, to apply a quantum limited
detection scheme.
In this Letter, we report advances in this direction by
cooling down an optical cavity at 4.2 K to suppress the
thermal noise. We use a microlever for Atomic Force Mi-
croscopy (AFM) as a flexible mirror that forms a cavity
with the extremity of an optical fiber [21]. Despite the
lower reflection coefficient as compared to the low-loss
mirrors of quantum optics, microlevers experience simi-
lar optomechanical effects due to retarded photothermal
forces induced by light absorption [22, 23]. In particular,
self-cooling has been shown to reduce the effective tem-
perature, although it does not improve the signal-to-noise
ratio for force detection because the signal is damped in
the same way as the thermal noise [24]. Here, we demon-
strate experimentally for the first time that a microlever,
cooled at 4.2 K to suppress thermal noise, couples coher-
ently to the classical intensity noise of the laser beam and
gives a reduction of the measurement noise. This “neg-
ative” contribution of the backaction noise occurs just
above or below the mechanical resonance frequency de-
pending on cavity detuning. This noise reduction effect,
demonstrated here in the classical regime on a simple sys-
tem, represents one of the proposed schemes to beat the
SQL when applied in the quantum regime of shot noise.
We perform the experiments in a cryogenic force mi-
croscope at 4.2 K under a low pressure of helium gas for
thermalization. The microlever is a commercial silicon
cantilever (230µm long, 40µm wide, 3µm thick) coated
with 80 nm of gold on the interferometer side and 200 nm
on the tip side. The spring constant K = 8 N/m is de-
termined from thermal noise spectra at 300 K when op-
tomechanical effects are negligible [25]. The fundamental
resonance frequency is 41555 Hz and the quality factor
reaches 15000 at 4.2 K.
The light source is a λ = 670 nm laser diode stabilized
in temperature and protected by a Faraday isolator. The
laser is coupled to a single-mode optical fiber connected
to a 50%-50% fiber coupler [Fig. 1(a)]. One of the output
fibers is sent into the cryostat to measure the microlever
motion by interferometry in the parallel cavity formed
by the lever and the cleaved end of the fiber, coated with
15 nm of gold to increase the reflection coefficient (16 %).
The remaining ports of the coupler are connected to two
photodiodes (0.44 A/W) with low-noise current ampli-
fiers, one recording the same intensity as the incident
light (Iref = Iin) and one recording half of the reflected
intensity (Icav = Iout/2).
The fiber is approached at a few tens of microns from
the lever, and the light beam is centered on the lever
end by using inertial motors. The Z translation stage
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FIG. 1: (a) Experimental setup. (b) Light intensity versus
pump current showing the lasing threshold around 45 mA.
Markers indicate the powers used in Figs. 1(c), 2 and 3. In-
set: Laser noise versus laser power. (c) Reflection coefficient
R versus cavity length detuning ∆L for several incident pow-
ers (labels). Detunings used for interferometric detection are
indicated by arrows.
of the fiber is used to scan the cavity length L and
record the interference pattern of the reflection coeffi-
cient R = Iout/Iin, as shown in Fig. 1(c) for five pow-
ers obtained by changing the pump current on the laser
diode [Fig. 1(b)]. The higher contrast at a large power
results from the increasing coherence length around the
lasing threshold. The detection of the lever motion is
done at the middle of the interference pattern where the
slope dRdL is maximum, positive or negative. By fitting
the interference patterns with the Fabry-Perot formula,
one gets a cavity finesse F ranging from 0.4 at 6µW to
1.2 at 85µW, suggesting that multiple reflections inside
the cavity are limited. On the other hand, the sponta-
neous oscillations observed at a large power (85µW) on
the negative slope (i.e., negative detuning), and visible as
a kink on the bottom-left side of the interference pattern,
show that the intracavity field is strongly sensitive to the
cavity length, a situation that usually requires a good
finesse [2]. In addition, the instability does not appear
on the steepest part of the pattern but close to zero de-
tuning. It seems therefore that the reflection coefficient
measured through the small fiber core does not repre-
sent the actual finesse of the cavity, possibly due to the
diverging light beam in the larger cavity formed by the
fiber cladding.
In order to gain physical insight into the origin of the
optomechanical coupling, we first analyze the lever re-
sponse to a small sinusoidal modulation of the laser pump
current (δi/i = 4 × 10−4) resulting in a modulation of
the incident light intensity. The modulation of the inten-
sity reflected by the cavity is recorded as a function of
the modulation frequency with a lock-in amplifier, for a
given average power and for a positive or negative detun-
ing. The response for an intermediate power of 25µW is
plotted in Fig. 2(a) and shows an asymmetric Fano-like
resonance because the flat response of the direct reflec-
tion is coupled to the resonant response of the lever [26].
Since the phase of the lever vibration switches from 0
to −pi across the resonance, the vibration signal is first
added to and then subtracted from the direct reflection,
giving successively a peak and a dip in the total response,
for a positive slope. This relative position of the peak and
dip indicates that the optical force pushes the lever like
a radiation pressure. For a negative slope, the sign of the
vibration signal is reversed, exchanging the peak and dip
positions.
We model the optomechanical response around the res-
onance frequency as explained below. The light intensity
fluctuations δIin(ω) at angular frequency ω induce fluc-
tuations in the optical force and result in fluctuations
δz(ω) in the lever position according to [27] :
δz(ω) =
ω20/K
ω21 − ω2 + iωΓ1
2β/c
1 + iωτ
δIin(ω)
The first part is the lever response χ(ω) involving the
intrinsic spring constant K, the resonant frequency ω1 =
ω0 + ωopt and the damping rate Γ1 = Γ0 + Γopt. These
parameters are modified with respect to the intrinsic val-
ues ω0 and Γ0 by the quantities ωopt =
Kopt
K
ω0/2
1+ω20τ
2
opt
and Γopt = −KoptK ω
2
0τopt
1+ω20τ
2
opt
related to the cavity-length-
dependent optical force characterized by a spring con-
stant Kopt and a force delay τopt. The second part of
the equation is the optical force at angular frequency ω
expressed in terms of a dimensionless parameter β giving
the strength of the actual optomechanical force relative
to the ideal radiation pressure induced by δIin(ω). Note
that β is usually larger than 1 due to light amplification
in the cavity, but it can also represent a photothermal
force instead of radiation pressure. τ is the retardation
of the force, and c the speed of light.
The reflected light intensity Iout = R(L) Iin has
fluctuations δIout = R δIin + Iin
dR
dL δz composed of
reflected fluctuations for fixed cavity length and cav-
ity length fluctuations described by the optomechan-
ical response discussed above. These two contribu-
tions are added coherently and the reflected fluctuations
δIout(ω) = R η(ω) δIin(ω) can be expressed in terms of
an effective reflection coefficient for intensity fluctuations
characterized by a dimensionless function η(ω). For ω
around the mechanical resonance, a large quality factor,
and a small optical spring effect, this function reduces to
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FIG. 2: (a) Microlever frequency response to light intensity
modulation at 25µW incident power for positive and nega-
tive cavity slopes. Solid lines are fitting curves with func-
tion |η(ω)|. (b),(c) Parameters obtained by fitting response
curves at different powers. ωc/2pi and Γc/2pi describe the
shape of the effective reflection coefficient η(ω) (closed sym-
bols). ωopt/2pi and Γopt/2pi describe the resonance frequency
and damping rate changes (open symbols) around the intrinsic
values ω0/2pi = 41554.77 Hz and Γ0/2pi = 2.64 Hz (position
of the bottom axis) induced by the optical spring effect.
the simple form :
η(ω) =
(ω1 + ωc − ω) + i (Γ1 + Γc)/2
(ω1 − ω) + i (Γ1/2)
where ωc = Cω1/2 and Γc = −Cω21τ can be expressed
with the dimensionless coefficient C = IinR
dR
dL
2β
cK
1
1+ω21τ
2
describing the coupling strength.
The experimental response curves are perfectly fitted
with |η(ω)| as shown in Fig. 2(a). The fitting parameters
are plotted for several powers and both cavity slopes in
Figs. 2(b) and 2(c). The parameters ωc and ωopt have
the same sign and share the same evolution with inci-
dent power, suggesting a single optomechanical coupling
for the response to the modulation and the optical spring
effect. They are, respectively, proportional to the deriva-
tive (with respect to the cavity length) of the reflected
and intracavity intensities, which have similar values here
because of the low cavity finesse. The positive sign ob-
tained for a positive cavity slope would be consistent with
a coupling by radiation pressure, but the measured value
of C = 2ωc/ω1 ∼ 10−4 at 25µW together with τ ∼ 0
for radiation pressure gives β ∼ 2000 corresponding to
a very large enhancement of the intracavity field which
is not realistic for a low cavity finesse. As a result, the
optomechanical force is likely of photothermal origin, as
expected for a lever coated with asymmetric metallic lay-
ers.
At a low power, the signs of Γc and Γopt are the same
as for ωc and ωopt on the same slope. Since theory pre-
dicts opposite signs for ω and Γ parameters, the coupling
probably involves two optical forces with opposite direc-
tions [23], one with a large delay τ giving a larger Γc and
one with a small delay τ giving a larger ωc. This situation
is possible in the case of two photothermal forces arising
from the coexistence of two heat conduction paths with
different time scales inside the lever, producing mechani-
cal stresses in opposite directions. The same experiment
performed at 300 K finds a much weaker optomechanical
coupling, due possibly to a different thermomechanical
response. Note that we cannot determine independently
the sign and delay of the two photothermal forces by
recording the imaginary part of the response on a large
frequency range [27] because the response is below the
detection sensitivity out of resonance.
Remarkably, Γc reverses sign at a large power, sug-
gesting that several photothermal forces contribute with
different dependencies on incident power, but the ori-
gin of all these forces is not clearly understood. On the
other hand, Γopt keeps a constant sign and would even-
tually reach −Γ0/2pi at an even larger power, leading to
the self-oscillations observed for negative detuning. This
difference between Γc and Γopt power behaviors might re-
sult from the difference between the reflected and intra-
cavity fields they are connected to, in particular around
the lasing threshold where the coherence length suddenly
increases.
Having explored the optomechanical coupling in the
presence of an external modulation, we now turn to the
analysis of the noise spectrum in the absence of excita-
tion. The incident light intensity emitted by the laser
diode has time fluctuations characterized by a flat power
spectral density Sin(ω) from zero to above 50 kHz. This
white classical noise increases with power as shown in the
inset in Fig. 1(b). The power spectral density Sout(ω) of
the reflected light is converted into lever displacement
noise and plotted in Fig. 3 for three powers. All these
spectra show an asymmetric shape and a local mini-
mum, which have never been observed, to the best of our
knowledge, in noise spectra of microlevers, since they are
usually dominated by thermal noise. Here, the spectra
contain the flat contribution due to the direct reflection
of the incident noise (as for a rigid cavity) and the reso-
nant contribution due to the backaction on the microlever
induced by photothermal coupling [28, 29]. These two
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FIG. 3: Power spectral density of the reflected light intensity
Sout(ω) measured for a negative (blue circles) and positive
(green squares) slope of the interference pattern and three in-
cident powers. Red solid lines are fitting curves using |η(ω)|2.
Gray solid lines are simulations using |η(ω)|2 with the param-
eters of Figs. 2(b) and 2(c). Gray dotted lines are thermal
noise spectra expected at 4.2 K (for a negative slope, see the
text).
noises dominate by a factor of 10 over the detection noise
of the photodiode amplifier and over the thermal noise at
4 K. Since the backaction noise is correlated to the direct
noise, the spectrum is an asymmetric resonance with a
region of reduced noise as compared to the uncorrelated
situation. Moreover, the presence of a dip in the spec-
trum shows that the backaction noise acts as a “negative”
noise on top of the flat direct noise. The frequency range
of the reduced noise is located on the left (right) side of
the resonance for negative (positive) slope of the cavity
in agreement with the intensity modulation experiment.
The peak height difference between positive and nega-
tive slopes results from the retarded optical spring force
in the cavity (damping rate change Γopt) and is equiva-
lent to the self-cooling and self-heating effects observed
in the case of thermal noise [23].
According to the model, the noise in the reflected in-
tensity is given by Sout(ω) = R
2 |η(ω)|2 Sin(ω). The
experimental spectra are correctly fitted with this ex-
pression, though with different fitting parameters from
those of the modulation experiment which give deeper
minima (see Fig. 3). The fitting parameters ωopt and
Γopt are almost the same in both experiments, but ωc is
about 3 times lower in the noise spectra and Γc is also
quite different. This difference could indicate that other
sources of fluctuations might contribute to the spectra.
The absence of excess noise on the slopes of the inter-
ference pattern shows, however, that the laser frequency
noise is negligible. The photodiode detection noise also
has a much lower level. The microlever thermal noise cal-
culated at 4.2 K with the effective parameters ωopt and
Γopt [27] is also negligible and even not visible in Fig. 3 for
the positive slope because of self-cooling. Alternatively,
a possible explanation could be that the pump current
modulation, used to create the intensity modulation in
the first experiment, also produces an optical frequency
modulation, which is then converted by the cavity into a
modulation of the reflected intensity but uncoupled from
the lever dynamics.
The key fact, however, is that the spectral density
shows a minimum of noise lower than the direct inten-
sity noise of the interferometric detection. Contrary to
intuition, the backaction noise can therefore improve the
signal-to-noise ratio of a weak force measurement in dy-
namic mode by choosing a frequency slightly off reso-
nance. Since the spectral region of reduced noise is lim-
ited to a few hertz and near a region of enhanced noise,
the bandwidth of the lock-in detection will be limited to
these few hertz of reduced noise around the maximum
of the signal-to-noise ratio given by |χ(ω)|/|η(ω)|. Ac-
cording to this formula, the lowest noise is obtained at
angular frequency ω ≈ ω1 + ωc and could be lowered
down to zero for Γc = −Γ1 if the quantum mechanical
uncertainty principle would not set a lower bound on the
measurement noise [30]. Note that large Γc values are
obtained for the optimum delay τ given by ω1τ ∼ 1.
Recently, a few quantum optics experiments [17–20]
have discussed the possibility to beat the SQL by us-
ing an artificial noise above the thermal noise at 300 K
and a coupling by radiation pressure. Our work now
demonstrates that the backaction noise can be used to
compensate coherently for the reflected intensity noise
at a particular frequency with such a simple system as
an AFM cantilever. This optomechanical effect will be
useful to improve the sensitivity of lever-based force de-
tection experiments. Demonstrated here on a microlever
cooled at the liquid helium temperature and coupled to
classical laser noise by photothermal forces, we expect
this effect to show up similarly with radiation pressure
and in the quantum limit of photon shot noise.
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